. Haplotype-based genomic sequencing of a chromosomal polymorphism in the white-throated sparrow (Zonotrichia albicollis).
Stomata open at the leaf epidermis, driven by solute accumulation in the surrounding guard cells. Transmembrane ion transport has long been recognised to contribute to this process. A new study makes it clear that guard cells also metabolise starch to accelerate opening.
Stomata are pores that provide the major route for gaseous exchange across the impermeable cuticle of leaves and stems. Stomata open and close to facilitate CO 2 entry to the interior of the leaf while controlling water loss by transpiration. They exert major controls on the water and carbon cycles of the world [1] and are arguably at the centre of the crisis in water availability and crop production that is expected to unfold over the coming decades. Guard cells occur in pairs surrounding the stomatal pore and respond in a well-defined manner to an array of extracellular signals -including light, relative humidity and CO 2 -to regulate stomatal aperture. Ion transport across the plasma membrane and tonoplast of the guard cell is integral to generating the turgor that drives the changes in guard cell volume and, hence, stomatal aperture. Our deep knowledge of these processes has made the guard cell one of the best-known plant cell models for membrane transport, signalling and homeostasis.
Ironically, while much research between the 1960s and 1980s was motivated by a desire to understand what makes stomata open, it was soon eclipsed by interest in what makes them close. In many respects, the process of solute accumulation in guard cells for stomatal opening is similar, if not identical, to that for cell expansion and growth. Stomatal closing was seen to be different, however -very few plant cells reversibly increase and decrease in cell volume. MacRobbie's pioneering radiotracer flux studies on the effects of the water-stress hormone abscisic acid [2] and evidence of its coordinated actions on guard cell K + channels [3, 4] left no doubt that stomatal closure was a concerted and highly regulated process. Research soon established the mechanisms of transport and its regulation during stomatal closing, accelerated by the combined technologies of the voltage clamp and molecular genetics [5] , and subsequently by those of Arabidopsis genomics [6, 7] and systems biology [8, 9] . However, knowledge of stomatal opening and its integration with metabolism languished far behind.
A handful of studies indicated that sugar and malate (Mal) accumulated in guard cells of open stomata and suggested that guard cells could mobilize starch to generate organic osmotica. Talbott and Zeiger [10] observed substantial increases in sucrose (and under blue light also Mal) that correlated with stomatal aperture in Vicia. MacRobbie, too, found that inorganic solute could not account fully for the osmotic content of guard cells of open stomata in intact leaves of Commelina [11] . However, conflicting data from other species failed to yield any consensus. Even in Vicia, the accumulation of Mal was known to depend on the availability of Cl -as a counter-ion for K + [12, 13] . Thus, in the minds of many, myself included, the production of organic solutes was secondary, a sideshow that contributed osmotica if sufficient inorganic solute was not available.
In a report published in this issue of Current Biology, Horrer et al. [14] effectively turn this viewpoint on its head with a study that will energize research Current Biology 26, R102-R124, February 8, 2016 ª2016 Elsevier Ltd All rights reserved R107 Current Biology Dispatches into starch and sugar metabolism in stomatal movement. They report a new method for quantifying starch in guard cells of intact leaves, using highresolution confocal microscopy on a cellby-cell basis to resolve the time course of starch breakdown and its recovery. They also take advantage of mutants in Arabidopsis guard cells to identify the amylase gene products that are key to the cycle of starch breakdown and recovery, and its contribution to stomatal opening. Of particular interest is their finding that, in the chloroplasts of guard cells, starch breaks down almost completely within the first 30-60 min at the start of the day, triggered by low levels of blue light and dependent on the blue-light photoreceptors PHOT1 and PHOT2 [15] . Without this early breakdown in starchnotably in the amylase double mutant amy3bam1 -stomata opened more slowly and often to a lesser extent than otherwise (Figure 1) .
Starch is inert osmotically, but its conversion to Mal, in principle, would yield almost 500 mOsM in osmotically active solute. Such a release is more than enough to generate in the guard cells the turgor needed to open the stomata fully, and thus establishes a comfortable margin for starch breakdown in promoting stomatal opening. Horrer et al. also found that starch re-synthesis started soon after its initial breakdown and was maintained for the rest of the photoperiod, continuing into the night. Thus, in the Arabidopsis guard cell, the cycle of starch metabolism is out of phase with the mesophyll cells of the leaf, where starch is normally synthesized during the day and this reserve is degraded during the night in near-linear fashion. Since at least some of the enzymes required for starch breakdown are common to the two cell types, the findings imply important differences in regulation that will now deserve attention.
One of the most intriguing discoveries, however, is the unexpected connection between starch metabolism and membrane transport. Horrer et al. report that starch breakdown at the start of day is almost completely absent in the aha1 H + -ATPase mutant, although it proceeds normally in the aha2 mutant. Both H + -ATPase genes are expressed in guard cells [16] , but it is likely that AHA1 predominates [17] and is therefore vital to cope with the substantial H + load on the cytosol imposed by metabolism and, especially, by malic acid synthesis [9] . Clearly, starch breakdown is regulated so as to avoid uncompensated H + production, but how this feedback regulation is achieved remains unclear.
The observations also raise an important question about the forward impact on the H + -ATPase and solute transport of starch breakdown in the wild-type guard cells. Mal synthesis can be expected to promote pump activity and, consequently, K + and Cl -uptake [9] through mass action of the H + load (Figure 1 ). The extent of this mass-action effect on the H + -ATPase and inorganic ion uptake remains to be established but, clearly, not all of the starch that is metabolised need be used directly to generate osmotically active solute if it also promotes ion uptake. The mystery of the feedback connection from H + -ATPase activity to starch metabolism, especially, is a topic that will draw interest in the future. Horrer et al. offer several plausible mechanisms. Starch breakdown occurs in the chloroplast, whereas AHA1 is found at the guard cell plasma membrane. Control of the pH in the two compartments -the chloroplast stroma and the cytosol -operates quasi-independently and integrates with the different H + circuits of the chloroplast thylakoid and plasma membranes. Additionally, the compartments are separated by the transport barrier of the chloroplast envelope. Therefore, trans-inhibition of starch breakdown through the mass action effects of changes in cytosolic pH would appear unlikely, although it cannot be ruled out at this time. Other alternatives include The aha1 mutant is thought to eliminate the predominant H + -ATPase at the plasma membrane (1). It is expected to reduce membrane voltage (J) and consequently the driving force for K + and Cl -uptake (2). The aha1 mutant also feeds back on starch breakdown in the chloroplasts (3) using an unknown mechanism, thereby leading to reduced Mal production and H + load (4). Questions to be addressed in the future are indicated in red typeface.
feedback mediated by redox balance [18] or metabolic intermediates, including phosphoenolpyruvate. Another feedback loop might rely on changes in the Mal synthesis intermediate oxaloacetate, which has been shown to regulate guard cell anion channels [19] and is also transported efficiently across the chloroplast envelope [20] . Regardless of the answer, the study leaves no doubt about the importance of starch and sugar metabolism in accelerating stomatal opening, and is certain to stimulate research into its integration with membrane transport in the guard cell model.
Two recent studies in Drosophila provide evidence that dopamine can drive synaptic depression and facilitation, supporting models in which learning and the behavioral state of the fly guide behavior by tuning mushroom body output synapses.
It has become increasingly apparent over the last few years that the dopaminergic systems of insects and mammals have analogous roles [1] . Several studies in the numerically simpler Drosophila brain have together established that reinforcement and motivational control are provided by different subsets of dopaminergic neurons that innervate anatomically discrete zones within the mushroom body lobes of the fly central nervous system (Figure1) [2] [3] [4] [5] [6] [7] . Each of these zones has a corresponding mushroom body output neuron, activation of which favors either approach or avoidance behavior [8, 9] .
